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Abstract

The purpose of this project was to demondtrate that residentia air-conditioners would have higher
efficiencies when the compressors had and used reedily-available three- phase motors instead of the
conventiond lower-efficency sngle-phase motors. To connect the high-efficiency three-winding motors
to the 2-wire Sngle-phase supply, a Phase-Able™ Enabler™ circuit wasused. An Encbler™ isa
circuit of two or more capacitors which enables a three-winding motor to be connected to a 2-wire
angle- phase dectricd supply, with the motor performance superior to that which the motor designer
intended using a three-phase supply. These circuits and the Free-Wheding Flux principa are described
in the literature in many of the references listed herein.

The objective was to demondtrate Sgnificant efficiency improvements and eectricity cost savings
using the avallable industry cost-effective and competitive products, without additiond research or
additiond factory facilities.

The outcomes were more beneficia than expected. A 48,000 BTU/Hour air-conditioning
compressor had an EER (Energy Efficiency Ratio) of 11.95 BTU/(Wait-Hour), using the Enabler™ to
connect it to the 230-volt angle-phase supply. Thiswas 11.74% higher than the same compressor with
the Sngle-phase motor which the factory made and sold to the public. A change to this new unit sold
would save the consumer 11.7% of his eectricity cos.

Two compressors were each tested with three conditions:

1. Three-phase supply to athree-winding motor.

2. Single-phase supply through an Enabler™ to the three-winding motor.

3. Thesame compressor with the conventiond single-phase motor as sold dmaost universdly in the
United States for resdences.

The larger unit was representative of the industry and the improvement was a savings of twelve
percent of the eectricity cost. The average savings for the industry with many different sizes of units
could be possibly 10% of the dectricity cost.

This means that the power companies can import less gas and oil energy to supply these new air
conditioners, compared to the amount they would have needed to buy to supply the same ar
conditioners with the conventiona single-phase motors.

There were severd Enabler™ operating benefits: higher efficiency, lessline voltage “sag’” , better
power quality with higher power-factor currents, and better winding current balances.

The conclusion of the author isthat nearly al new single-phase air conditioners should be required
or encouraged to use high-€fficiency three-winding motors and be required to achieve correspondingly
higher Energy Efficiency Ratios (EER). Ten percent increasesin EER are gppropriate in the Cdifornia
Energy Commission Appliance Efficiency Regulations for Room air conditioners and heat pumps, and
for dl Centrd air conditioners.

Key words for computer searches. High-efficiency air conditioners, Phase-Able Enabler controls,
Semi-Hex Enabler controls, Single-Phase to Three-Phase controls, Energy Efficiency Ratios,



Hermeticaly-sedled compressors, Semi-Hermeticaly-sedled compressors, Power System overloads
dueto air conditioners.

Executive Summary
1. Introduction

Electric power system overloads often occur in a summer afternoon when many residentiad single-
phase air conditioners are operating. Power companies bring on-line their most expensive, or least
reliable, or oldest generators to minimize the probability of system collapse or ablack-out. The cost to
the power company and to society to supply these air conditioners a the peak load timeis high, and
could be higher than the rate which the customer is paying. Both the resdentid customers and the
power companies deserve much higher efficiency air conditioners than are now available from the mgjor
suppliers.

The condraint is that most residences and perhaps 40% of dl rurd areas have only single-phase
power, and it is uneconomic to change these distribution and wiring systems. The compressors are well
designed, but the low efficiency single- phase motors on the compressor shafts are an obsolete design,
and could be improved.

Enabler™ systems can operate high-efficiency three-phase induction motors from single-phase
supplies with superior performances. Enabler™ systems can operate large three-phase induction
moators from single- phase supplies, with power ratings many times larger than any single-phase motor.

The need isfor dl new air conditioners to have Enabler™ controls on high-efficiency three-winding
motors on the compressors, yielding higher EER than presently sold.

2. Project Objectives

The objective was to prove that this need for high EER could be satisfied. We planned to measure
two compressors, each with two different motors.  Precise measurements of the thermodynamic
compressor performance requires avery large ingdlation of the type used to certify thermodynamic
vauesfor governmental agencies. We chose Intertek Testing Service, (ITS) with Corporate
Headquarters at 25 Savile Row, London, England W1X 1AA, and with test facilities and |aboratories at
3933 U.S. Route 11, Cortland, New Y ork 13045.

We planned to measure the BTU/Hour pumped and the corresponding electrica watts required and
the EER. We a0 planned to measure the winding voltage and current unbalances. We provided the
Enabler™ controls.

3. Project Outcomes

All of the objectives were achieved for the two sizestested. At ITS, each system operated on a
sngle-phase supply through an Enabler™ to the three-winding motor with performance superior to that
from a conventiond three-phase supply, and performance superior to that using a conventiond single-
phase motor. The Modd 48T was representative of the industry with a three-winding three-phase



motor hermetically sealed with the compressor. Comparing the Enabler™ control, Mode 48E, to a
conventiond sngle-phase motor, Modd 48S, the 48,000 BTU/Hour compressor had an EER (Energy
Efficency Ratio) of 12 BTU/(Watt-Hour), which was an EER of 11.7% higher than with the
conventiond sngle-phase motor.

With the Enabler™ control , the winding current unbalance was only one percent, wheress with the
three-phase supply, the same windings had a 7.4% current unbaance.

The sngle-phase inpuit to the Enabler™ control had a power factor of 90.8% LEADING, whereas
the three-phase input to the windings had current with a power factor of 75.2% lagging. In every
respect, the compressor performance with the Enabler™ control was superior to that with the
conventiond three-phase supply for which the motor was designed.

The measured improvement was a savings of twelve percent of the dectricity cost for the larger unit,
Mode 48E, which was representative of the industry products. The average savings for many styles
and many sSzes might be between 8% and 10% of the dectricity cost.  This means that the power
companies can import less energy to supply these new air conditioners, compared to the imported
energy amount they would have needed to buy to supply the same air conditioners with the old
conventiond “obsolete’ sngle- phase motors.

Comparing the Enabler™ control to a conventiona single-phase motor, the Model 42E with a
42,000 BTU/HOUR compressor had an EER (energy efficiency ratio) of 11.3 BTU/(Wait-Hour) which
was an EER of 4.% higher than with the conventiona single-phase motor Model 42S.

With the Enabler™ control, the winding current unbalance of Mode 42E was reduced to 3.2%,
whereas with the three- phase supply, the same windings had a 13.8% current unbalance. The single-
phase input to the Enabler™ control had a power factor of 88.3% LEADING, wheress the current in
the three-phase windings had a power factor of 77.0% lagging. In every respect, the Enabler™ control
was superior to the performance with the conventiona three- phase supply for which the motor was
designed.

The Enabler™ control made a factor of four improvement in the winding current unbalance of
Mode 42E compared to Model 42T. The 13.8% current unbalance for the Mode 42T above might
have been due to afactory mistake in the winding, and this motor should not have been gpproved for
sde. If thismotor had been correctly wound, the current unbaance might have been sgnificantly less,
more like afew percent, and the EER would probably have been significantly higher, more like the EER
of 12 for the larger Modd 48T unit.

The Enabler™ isacurrent injector , specifically designed to achieve better current balancein the
windings, and a corresponding higher efficiency on sngle-phase than the motor efficiency when running
from athree-phase supply as the factory intended. The Enabler™ is not a phase converter.

4. Conclusons
The savings of 12 percent in the dectricity cost for the 48,000 BTU/HOUR unit using the

Enabler™ control can probably be redlized by most manufacturers of air conditioners of this size.
Smadler units with adequate qudity control could probably redlize 8% or 10% dectricity savings.



Industry-wide, with units both larger and smaller than these that were tested, Enabler™ controls on
three-winding (three-phase) motors could be expected to average a ten percent savings in electricity
cost by using a dight modification of the present designs of the three-winding (three- phase) motors and
the present designs of the Enablers'™ . This could use minimal reseerch |aboratory facilities or activity,
and no new or different manufacturing shops or equipmen.

5. Recommendations

All ar conditioners should have EER or Energy Guides published and attached to the units.
Minimum EER vaues (like 8) could be required, EER vaues of 10 could be redlized, and higher
EER vaues (like 12) could be subsidized or required by agencies devoted to energy efficiency.

Financid incentives might accelerate the commercidization of these units. The concluson of the
author isthat nearly dl new ar conditioners should be required or subsidized to achieve higher EER by
the use of high-efficiency three-winding motors with Enablers.

Here is an opportunity for manufacturers to sal units on the basis of life-time codts (electricity plus
initia cost) and not push initia cost only for customer decisons. On life-time cost basis, the energy
savings would be divided severd ways, with customers receiving lower ectricity costs, manufacturers
benefiting by charging more initid price because the cusomerswill be paying a higher initid pricein
anticipation of better eectricity cogts, and the power companies benefiting due to higher distribution
efficiency, better current power-factor in the distribution lines, lower spikes due to starting currents, and
lower fuel cogts per BTU of cooling achieved.

In sequence, first, a manufacturer should be persuaded to market an entire line of sSngle-phase air
conditioners, dl sizes, dl using Enabler™ controls on three-winding motors in the refrigerant
compressors. This Enabler™-controlled compressor is inserted instead of the single-phase compressor
into asngle-phase sysem. The single-phase system is dectricaly connected to the single- phase supply
asusud.

Secondly, many factory representatives should be invited to confer with the CEC engineersto
jointly set new energy guides and regulations. Thirdly, the CEC can write new regulaions. Ten
percent increasesin EER are appropriate in the Cdifornia Energy Commission Appliance Efficiency
Regulations for Room air conditioners and heat pumps, and for al Centrd ar conditioners.

6. Public Benefitsto California.

With Enabler™ controls on three-winding air conditioners, the primary benefit is high efficiency and
reduced dectricity cost to the resdentia customers and other customers with only single- phase supplies.
Severd secondary benefitsto the electrica power companies are

(1) reduced pesk MW demand at the summer pesak,

(2) improved system sahility,

(3) lower dectricity and energy costs at the summer pegk,

(4) higher power qudity due to leading power-factor currents,

(5) higher digribution efficiency due to leading power-factor currents,



(6) higher power qudity dueto less starting-current demand on the digtribution transformers
and lower current spikes, and
(7) lower harmonic and pulse digtortions of the eectricd supply.

The generd public, exclusive of the ar-conditioner customers, benefit from
(1) reduced probability of rolling black-outs,
(2) reduced voltage “sag” or less voltage reduction due to air-conditioning loads,
(3) better power quality, and
(4) raesreflecting the increased efficiency of the power-company didribution system.

1. Introduction

Almog dl resdencesinthe U.SA. are dectricdly wired with Sngle- phase dectricad power, usudly
230 or 240 volts, with the center-tap of the supply grounded. Thisisaso the dectricd supply for many
motels and smal commercid buildings. Large rurd areasin the U.S. have only sngle-phase eectricd
power supplied from the power company.

Sngle- phase motors in the one-HP (one horsepower) up to ten-HP szes are less efficient than the
equivaent quaity three-phase motors. A Baldor 15-HP TEFC 4-pole sngle- phase mator, winding
09Y 26, has afull-load efficiency of only 82.5%, with losses of 21.2%. Seereference (14) to Baldor
Catalog 502. A 15-HP TEFC 4-pole three-phase motor, winding 09W980, has the better full-load
efficiency of 92.4% with losses of only 8.2%. The dectricity cost for the single-phase motor would be
12% higher than for this 3-phase motor. A different 15-HP TEFC 4-pole three-phase motor, winding
07W269, has afull-load efficiency of 90.2%, with losses of 10.9%. Consdering this conventiond-
efficiency three- phase motor, compared to the single-phase motor, the eectricity cost for the sngle-
phase motor would be 9% higher than for this latter generd- purpose 3-phase motor.

These considerations motivated the invention of a Phase-Able™ Enabler™, acircuit which enables
any high-efficiency three-phase motor to be connected to a single-phase supply. Ingdlations of this
type have been successful. See references (8) Smith and Shock, 1999; (5) Smith 1997, (6) Smith
1998, and (7) Smith 1999. Thisinvention received an R& D100 Award as one of the 100 Most
Technologicaly Significant New Products of the Y ear 1999.

Initid cogs are dso very important.  Single-phase motors in the one-HP to ten-HP sizes are more
expengve than the equivaent qudity generd-purpose three-phase motors.

Air conditioners for resdences have single- phase motors mounted on the shaft of the refrigerant
compressor ingde of an hermeticaly-sedled compartment. The same compressors with three-phase
motors are dso readily avallable.

It was assumed that these Single-phase motors being used in the air conditioners had lower
efficiencies than an equivdent three-phase motor for the same compressor.

It was assumed that an Enabler™  with the higher-efficiency three-phase motor could connect the
unit to asngle-phase supply, thereby saving substantiad energy compared to the old “ obsolete’ single-
phase motor system. It was desired and expected that the Enabler™  air conditioners would have
higher efficiency, better current balance in the windings, and lower sarting currents.



Thear-conditioning loads in the U.S. and Cdiforniaare substantid, and this new invention could
save sgnificant dollars for new customers, and could save significant MW loads for the power
companies.

Electric power system overloads often occur on a summer afternoon when many residential sngle-
phase air conditioners are operating. Power companies bring on-line their most expensive, or least
reliable, or oldest generators to minimize the probability of system collgpse or a black-out.

The cost to the power company and to society at this time to supply these air conditioners with
expendgve power is high, and the actual cost could be higher than the rate which the customer is paying.

2. Project Objectives

The goals of this project were to prove the assumptions in the Introduction, to perform
research on commercia products, to make Enablers'™, and to make proof-of-feasibility tests. These
gods can be summarized by these tests and data processing:
21  Snge-phase-motor on compressor efficiency tests (EER, Energy Efficiency Ratio tests).
2.2 Three-phase-motor on compressor efficiency tests (EER, Energy Efficiency Ratio tests).
2.3 Design and congruction of Enabler™ for the three-phase-motor on a compressor efficiency test

from dngle- phase supply.
2.4  Compressor efficiency tests (EER, Energy Efficiency Ratio tests) on Enabler™ from single-
phase supply to three-phase-motor.

2.5  Circuit for garting the three- phase motors supplied from the single-phase eectrica supply.

The goals were to show that the available three- phase motor and compressor systems would (1)
operate satisfactorily with an Enabler™ from a singe-phase supply,
(2) that the new system would have a higher efficiency (EER) than the same compressor with asingle-
phase motor, and
(3) that the new systerm would even be superior to the available compressor with the three- phase motor.
(4) The tests would show high efficiency, better current balance in the windings, and lower starting
current.

These are the godsin the Stage 3 of the Stages And Gates Process of the Energy Innovations Small
Grant Program, specificdly testing of critical components and the full system at Iaboratory or basic
research phase resulting in a proof-of-feagbility for Gate 3.

3. Project Approach

The mgor components that were purchased were
(1) Modd 48T, a48,000 BTU/Hour air-conditioning compressor with a 230-volt three-phase motor.
(2) Modd 48S, the same 48T 48,000 BTU/Hour air-conditioning compressor with a 230-volt Sngle-
phase motor.
(3) Modd 42T, a42,000 BTU/Hour air-conditioning compressor with a 230-volt three- phase motor.



(4) Modd 42S, the same 42T 42,000 BTU/Hour air-conditioning compressor with a 230-volt Sngle-
phase motor.

Enabler™ controls were designed and constructed for
Modd 48E using the compressor of Model 48T, and for
Modd 42E using the compressor of Modd 42T.

All components and controls were sent to Intertek Testing Services, (ETL SEMKO), 3933 US
Route 11, Cortland, NY 13045. Dr. Smith went to the company testing facilities and supervised the
electrica measurements. Donald James was the Operations Supervisor of 1TS and supervised the
thermodynamic tests and measurements and their data processng.

For each test, thermodynamic equilibrium was established for the ASHRAE-T standard conditions
specified in Appendix I, copied from reference (2) ASHRAE Standard 23-1993. Four measurements
were made over a 30-minute time interval, and the averages were processed.

Secondly, thermodynamic equilibrium was established for the ARI standard conditions specified in
Appendix |, copied from reference (1) ANSI/ARI Standard 500-90. Four additiond measurements
were made over a 30-minute time interval, and the averages were processed.

There were twelve complete tests made, with the pairs listed below:

(1) EER of Modd 48T with a 230-volt three-phase eectrica supply, both ASHRAE and ARI.

(2) EER of Modél 48E with an Enabler™ and a 230-volt sngle-phase supply, both ASHRAE and
ARI.

(3) EER of Modd 48S with a 230-valt sngle-phase eectrica supply, both ASHRAE and ARI.

(4) EER of Modd 42T with a 230-volt three-phase eectrica supply, both ASHRAE and ARI.

(5) EER of Model 42E with an Enabler™ and a 230-volt sngle-phase supply, both ASHRAE and
ARI.

(6) EER of Modd 42S with a 230-valt angle-phase eectrica supply, both ASHRAE and ARI.

In addition to EER, measurements were mede of currents and current unbaance, voltages and voltage
unbalance, and wattmeter readings adequate for calibrations.



4. Project Outcomes

Efficency. Our mgor atention isto high efficiency, represented by high EER, and to saving energy.
TABLE 4.1, EER SUMMARY MEASURESEFFICIENCY , showsthe average EER of both
ASHRAE and ARI conditions.  With attention to the 48,000 Btuw/Hour compressor, using the three-
phase motor as provided on the Model 48E, the EER of 11.95 with this three-phase motor and
Enabler™ will save the customer 12% of his dectricity cost, compared to using the single-phase motor
on the same compressor, Mode 48S, with an EER of only 10.694. Thisis representative of the
industry, and smilar performance can be expected for many makes, models, styles and Sizes.

With attention to the 42,000 Btuw/Hour compressor, using the three- phase motor as provided on the
Modd 42E, the EER of 11.294 with this three-phase motor and Enabler™ will save the customer 4%
of hisdectricity cost, compared to using the single-phase motor on the same compressor, Model 42S,
with EER of only 10.865. Modd 42T, the three-phase unit, was faulty, with unbaanced currentsin
the windings, possibly due to an error in manufacturing the winding of the motor.

The average EER of both systlemsin Table 4.1 was 11.6 for the Enabler™ systems and 10.8
for the conventiond single-phase winding. From this average, a customer would save at least 7.8% of
his dedtridity bill by using an Enabler™ system ingtead of using the present conventiona single-phase
sysem with a single-phase motor.

Thistable 4.1 proves gods (1) and (2) in the paragraph 2. Project Objectives.

TABLE 4.2 ligsthe FULL-LOAD THREE-PHASE MEASUREMENTS. The ARI ad
ASHRAE-T testsare very smilar. The average of these is a good measure of what the industry can
expect for different operating conditions. The use of the Enabler™ for Model 48E increased the
BTU/Hour pumped by the compressor by six-tenths of one percent, but used 4.7 percent more
electrica power input. The net result was a decrease in EER of four percent.

The use of the Enabler™ for Modd 42E increased the BTU/Hour pumped by the compressor by
0.43 percent, and used 4 percent less electrical power input. The net result was an increase in EER of
4.4 percent.

It was not this project goa to improve on the existing three-phase designs. We documented instead
what is available, its characterigtics, and the improvement for new single- phase customers to not buy
sngle-phase units, but instead to buy three-phase units with Enabler™ controls.



TABLE 4.3, UNBALANCED CURRENTSIN WINDINGS, shows both the performance on
athree-phase supply, as the factory expected, and the performance of the Enabler™ from asingle-
phase supply.

The 48T compressor, on three- phase as designed, had an average winding current of 13.41
amperes, and the current unbalance was 7.4%. It would be desirable to have a better current balance.
This unbaance, however, displayed an important advantage of the Enabler™. The Enabler™ injects a
current into winding W3-W6, and thisinjected current dmost balances the winding currents. This
improved baance increases the single- phase efficiency to be higher than the three- phase efficiency
expected by the factory. The same 48E compressor, with an Enabler™ and a single- phase supply, had
an average current of 13.43 amperes, and a current unbaance reduced to only 1.05 %, which is
SEVEN times better. Thiswas quite satisfactory. The Enabler™ automatically compensates for a
poor factory quaity control or adesign without attention to the current unbalance. To compensate for
the current unbalance, the cost was an increase in voltage unbaance of only one percent, which is not
important and is quite reasonable. The Enabler™ isNOT a phase converter, which would apply a
voltage to winding W3-W6, and can not balance the currents. This project is not amed at better motor
designs, but only at a better utilization of the existing designs.

Faulty winding.

The 42T compressor, on three-phase as designed, had an average winding current of 12.46
amperes, and the winding current and the power-line current unbalances were 13.8%, which isterrible.
A moator with this terrible current unbaance shoud never pass the quality control at the factory, and
should not be sold to the public. This poor qudity is displayed in Table 4.1 with an EER of only 10.82,
far out of line with what the industry should expect. The EER should have been 12.4, like the Model
48T.

The same 42E compressor, with an Enabler™ and asingle-phase supply, had a current unbaance
of only 3.22% which isfour times better. Thisis a desrable improvement, resulting in more uniform
winding heating, and less noise and vibration.  This improvement, created by the Enabler™ injected
currents, is reflected in Table 4.1 by an 11.29 EER. Here the Enabler™ has salvaged a bad air-
conditioner compressor and made it useful.  Phase converters can not do thisand are inferior in
performance to the Enabler™ .

Table 4.3 proves goals (3) and the better current balance in god (4). Starting currents for goa (4)
were not measured.

Table 4.4, FULL-LOAD THREE-PHASE MEASUREMENTS, are the actud winding full-
load characterigtics. These are the direct tests which can be compared to the factory specifications,
which should be the same. To design the Enablers™, the winding current and power-factor provided
by the factory in Table 4.5 were used. The vaues that should have been used arethosein Table 4.4.
For the Model 48T, the current was 13.4 amperes at 72.45% power-factor. For the Model 42T, the
current was 12.46 amperes at 77.92% power-factor.



Table 4.5, FULL-LOAD THREE-PHASE FACTORY EXPECTED VALUES, arethe
winding full-load characteristics as provided by the factory. These were the values used by Dr. Smith to
design the Enablers™.

The 48T expected current was 13.6 amperes, 1.4% high, compared to the actual current of 13.4
amperes. The expected power-factor was 75.1%, 3.7% high, compared to the actua power-factor of
72.45%.

The expected full-load phasor current lag angle of the 48T was 41.32°, 2.25° low, compared to the
actua lag angle of 43.57°.

These differences were respongible for the voltage on the motor winding not connected to the power
supply being 1.6% high when operating with the Enabler™ control.

The 42T expected current was 11.6 amperes, 7.4% low, compared to the actud current of 12.5
amperes. The expected power-factor was 82.5%, 5.9% high, compared to the actual power-factor of
77.9%. The expected phasor lag angle was 34.42°, 4.39° low, compared to the actual lag angle of
38.81°. These differences were responsible for the voltage on the motor winding not connected to the
power supply being 1.8% high when operating with the Enabler™ control.

The difference between the Enabler™ design based on the incorrect vauesin Table 4.5 and the
correct values in Table 4.4, that should have been used, demonstrates the robustness of the Enabler™
control and its superior performance for large variations in parameters of either the motor or the
Enabler™.,

TABLE 4.6 ligsthe FULL-L OAD ENABLER™ WINDING MEASUREMENTS, which
were used to calculate the EER.  Modd 48E pumped 48,416.82 BTU/Hour. The input was 4,052.02
watts. The EER of 48E was 48,416.82 / 4,052.02 = 11.95 BTU/(WATT-HOUR). Table 3.1 hasthis
vaue in column two.

Mode 42E pumped 42,010.62 BTU/Hour. The input was 3,719.75 watts. The EER of 42E was
42,010.62 / 3,719.75 = 11.294 BTU/(WATT-HOUR). Table 3.1 hasthis vauein column two.

When operating from Enabler™ on single-phase, the three motor windings had the average voltages
listed in Table 4.6. These show that the average voltages were 232.5 and 232.7 volts respectively for
the two modds termina-to-terminal. These higher voltages were due to the Enabler™ design based on
the valuesin Table 4.5, ingtead of the correct vaues listed in Table 4.4.

The higher voltages from Table 4.6 aso gppear in Table 4.3, in the section for Enabler™
connection to sngle-phase power. Note that these higher voltages aso correspond to lower current
unbalance.

The power-factors listed in Table 4.6 aso correspond to the three windings operating nearer
balanced currents, and are more important for commercid designs than the values listed in Table 4.4,
which were measured with the large unba anced winding currents.

TABLE 4.7 ligsthe FULL-L OAD ENABLER™ SINGL E-PHASE INPUT
MEASUREMENTS. The Power Company Single-Phase line sees an improved power qudity.

For the Modd 48E, the single-phase line power factor was 90.8% leading, alarge improvement
over the three-phase motor winding power factor of 75% lagging. For the Modd 42E, the single-phase
line power factor was 88.3% leading, again alarge improvement over the three- phase motor winding
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power factor of 76.7% lagging. These high leading power-factors reduce or eiminate voltage sag.
They dso improve the power company digtribution efficiency.

For the Model 48E, the single- phase line current was 1.44 times the three- phase line current. For
the Modd 42E, the single-phase line current was 1.52 times the three-phase line current. The Sngle-
phase line current must be larger than the three-phase line current, to ddliver the same power.

The FULL-LOAD ENABLER™ BALANCED WINDING VALUESFOR 230 VOLTS are
lised in Table 4.8. These vaues are cdculated from Table 4.6, which has better winding baance than
Table4.4. The changeisthe voltage from 232.5 down to the rated voltage of 230 volts.
Corresponding changes in current and power factor are given in the reference (14) Baldor Catal og 502,
Figure 2, page A-4.

Table 4.4 should not be used for new designs, because of the large current unbaance, and instead,
Table 4.8 should be used because it was derived from measurements with a better current balance. In
Dr. Smith’s experience, dl previous Enabler™ systems had currents balanced to approximately one
percent.

The Semi-Hex™ Enabler™ winding connection shown in Figure 4.1 can be used in commercia
manufacturing of air conditioners for market saes.

The three windings have terminas W1 through W6. The first winding hasterminds W1 and W4. The
second winding has terminds W2 and W5. The third winding has terminas W3 and W6. The single-
phase power line hasterminas L1 and L2.

Line L1 isconnected to Winding Termind W1.

Winding Terminals W4 and W5 are connected together and to new terminal T45.

Winding Terminas W2 and W3 are connected together and to Line L2.

RUN CAPACITOR CONNECTIONS:
Capacitor C1 is connected between Line L1 and Winding Termina W6.
Capacitor C2 is connected between Line L2 and new Winding Terminal T45.
Capacitor C3 is connected between Winding Termind W6 and new Winding Termind T45.
The eectrica connectionsin Figure 4.1 are for a voltage phase sequence of W3-W2-W1. This phase
sequence is common in agricultura gpplications, where the resulting CW rotation matches the water
pump.

New Enabler™ controls will use the messured performances of the actua motors, not the factory
expected vaues unless these are known to be correct. Table 4.8 should be used for the rated 230
volts. Fromthe datain Table 4.8, new rated vaues for capacitors were caculated and listed in Table
4.9. Thesevaues are appropriate for these two specific compressors.

The current componentsin the run capacitors are:

(130) =2 x (FLA) Sn(60°- F °) 4.1

(160) =2 x (FLA) sin (F °-30°) 4.2
The capacitor vaues are computed as.

C1={(130)/(377x 265.6) } x10° MFD 4.3

C2={(130)/ (377x 132.8)} x10° MFD 4.4

C3={ (160)/ (377 x230.0)} x 10° MFD 45
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The run-capacitor leading vars contributions are

VAR1 = (130)(265.6) varc 4.6

VAR2 = (130)(132.8) varc 4.7

VAR3 = (160)(230.0) varc 4.8
The tota run capacitor leading VARCS = VAR + VAR2 + VARS. 4.9
The run capacitive vars from equation 4.9 for the 42T motor from Table 4.8 is

VARCS = = 4,297.8 vars leading 4.10

The motor full-load magnetic lagging varm is

VARM = (FLA) (230) (1.732) (sin F °) = 30839 vam. laging 4.11

At full-1oad, the single-phase line recaives the difference of

VARL =VARCS- VARM = 1,2138 linevars leading. 412

Thewatts WL in Table 4.8 is 3,721.57 line watts.

Theline volt-amperes VA = sgrt (WL? + VARL?) = 3,914.50 4.13

Theline power-factor PF = WL /VA = = 3,721.57/ 3,914.5 = 0.9507 4.14

Theline current lead angleis acos (PF) = FL° =18.07° 4.15

Thesngle-phase line current is (VA) / 230 = 3,914.5/230=17.02 amps. 4.16

Table 4.9 shows the results of these calculations. Table 4.9 also shows separate caculations
for Modd 48T.

Table 4.9, CAPACITOR MFD VALUESFOR SEMI-HEX™ ENABLER™
4-TERMINAL CONNECTION TO 230 VOLTS.

These vaues from equations 4.1 through 4.16 for compressors 48E and 42E with the SEMI-
HEX™ ENABLER™ Connection are summarized in Table 4.9. These computationa methods are
given in the Smith and Shock reference (8), 1999, and in many of the other references, e.g., (10) Smith
1999.

Table 4.10, FULL-LOAD COMPRESSOR OUTPUTS, shows the performance of the Scroll
Compressor done. The use of the Enabler™ increases the output of the compressor, primarily dueto
increased shaft speed (reduced dip). Thisimprovement is approximately one-haf of one percent. This
is another contribution to god (3) in paragraph 2. Project Objectives.

Table4.11, COMPRESSOR COM PARISONS, with vaues from Table 4.4, shows that the
compressor on Model 48T ddlivered an average of 48,140.37 BTU/HOUR a the ARl and ASHRAE-
T thermodynamic full load conditions with three- phase supplied to the hermeticaly-sealed motor. This
same compressor with Model 48E circuit delivered 48,416.82 BTU/HOUR at the thermodynamic full
load. The average of theseis notated 48A and is48,278.6 BTU/HOUR.

A different compressor from the same production line and intended to be identica to the above was
ingdled in the Modd 48S with a single-phase motor. This ddivered only 46,771.75 BTU/HOUR at
the ARl and ASHRAE-T conditions. This latter compressor and single- phase motor had an output of
96.88% of the output of the average of the former compressor with the three-phase motor. This means



that the shaft of the Single- phase motor is rotating a a dower speed than the sheft of the three-phase
motor.

Assuming that the mass flow rate of the refrigerant is linearly proportiond to the speed, and that the
heet rate per unit of massisaso linearly proportiona to the speed, and that the BTU/HOUR pumped is
therefor proportiond to the square of the speed, then the speed ratio is proportiona to the square-root
of the Q in BTU/HOUR. Thisfactor yields a speed ratio in Table 4.11 of 0.9843. This meansthat the
sheft of the angle-phase induction motor is rotating at gpproximately 98.4% of the speed of the shaft of
the three-phase induction motor. Stated differently, the dip of the single- phase induction motor is
perhaps forty percent larger than the dip of the three-phase induction motor for the same torque and
power. Thisisnorma and isto be expected. These readings imply that the two compressors are
practicaly identicd in congruction.

Table4.12, COMPONENT RETAIL PRICES, MODEL 48E.

The price of the 48E compressor and controller today would be $428.00. Large production runs
of the compressor can reduce the price by 20%. Large purchases of standard capacitors can possibly
save 50% of thelist prices.  The expected future retail price of this system is $304.00.

The competition is the conventiond single-phase low-€efficiency system. Thisisatopic beyond the
scope of this report, and should be addressed by a marketing expert. The conventiona single-phase
system price today is $300.51. That makes the high-efficiency sysem attractive. Inthefuture, it is
possible that reduced sales of these low-efficiency units could increase their cost by 20%, up to
$360.00. In the future, the customer would be saving $60.00 per unit to buy the high-efficiency unit.

Figure 4.2, PROPRIETARY CIRCUIT FOR AUGMENTED STARTING TORQUE
shows the cable connections from EC, FC, GC, and HC from Figure 4.1 to Figure 4.2. The Modd
48E compressor did not start on the run capacitors done. A starting contactor added extra eectrolytic
motor starting capacitors sufficient to make the starting current unity power factor. This minimizes
garting current for full torque. Thisisdesgn “overkill”, snce dl tha would be commercidly necessary
would be afraction of this starting capacitor volt-amperes-reactive (VARCYS).

The run capacitors for this mode 48E from equation 4.9 have 4,681.08 varcs leading. Assuming
that the motor has locked-rotor current of 62.2 amperes at 52.65% power-factor and LRF of 58.23°,
the locked rotor magnetizing varm is 21,065.63 varm lagging. To make the power line see a unity
power-factor on starting, the capacitors must contribute the entire 21,065.63 varcs. The run capacitors
in Table 4.9 contribute only 4,681.08 varcs leading.

The dectrolytic garting cagpacitors must contribute the additiona 16,384.55 vars leading to bring the
supply line to zero vars, unity power-factor, and minimum sarting current. Thisis desrable for large
ingdlations, where alarge starting current might be an important consideration for the power company.
Unity- power-factor garting yields minimum line current for full accelerating torque.

To put thisin perspective, 16,385 vars leading at 230 voltsis approximately 71 quadrature
amperes, which is 822 microfarads. The capacitances of dectrolytic Sarting cgpacitors vary with
voltage, temperature, and recent past history. The manufacturers give only broad ranges of possible
vauesfor ther products.  All of the previous designs of Dr. Smith used unity- power-factor starting
with capacitors whose vaues were measured before ingalation. Thisis far more careful than is needed.
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An additiond study has shown the minimum starting capacitors required for the sarting torque, in order
to saveinitia cods.

PRACTICAL STARTING SYSTEM DESIGNS

The Moddl 48E compressor motor started turning and accelerated up to full speed in afraction of a
second with augmented starting torque from only 150 varcsin addition to the run capacitors. The
garting capacitive varcs was gpproximeately five percent additiona to the run varc. Starting with full
back pressure on the compressor used 600 varcs, approximately 20% of the runvars. Thisisan
enormous margin of safety. Mogt air conditioners lock-out the starting to prevent arestart in five
minutes

The dectrica circuit design in Figure 4.3 iswhat will be used in apractica retail production product.
This has a voltage phase sequence of W1-W2-W3, which is oppositeto that in Figure 4.1. With the
capacitor valuesin Figure 4.5, thiswill restart immediately with high back pressure.

Thisis a satisfactory economic system, which is not unity- power-factor starting and is not minimum
line starting current.

The Modd 42E compressor with the Enabler™ circuit started rotating on the run capacitors alone.
No augmented-torque starting circuit was needed. The assumed locked-rotor current was 49.1
amperes and locked-rotor power-factor was 50.7%. The motor locked-rotor magnetic vars was
16,859.7 varm lagging. These needed only the 4,297.8 varcs leading in equation 4.10 for arting
torque on the shaft and for starting rotating.

FACTORY DESIGN FIGURES

Figure 4.3 shows asingle-phase ar conditioner containing a compressor with a single- phase motor.
The usud connection of the single- phase motor shown at the top of the page istotermindsC",
(common), "R", (run), and"S" , (dart).

The lower circuit is the same single- phase air conditioner in which the single-phase compressor has
been removed, and replaced by the three-phase compressor with terminds C, R, T45, and W6. The
electrica cable from these terminals into the capacitor box has eectricad leads HC, EC, GC, and FC
respectively. Run capacitor C1 is connected between EC and FC. Run capacitor C3 is connected
between FC and GC. Run capacitor C2 is connected between GC and HC. Start capacitor CS3in
series with the proprietary CS3 Start Circuit is connected between FC and GC, which is equivalent to
connection in pardle with run capacitor C3.

This Figure 4.3 is how a product should be manufactured and sold.

Figure 4.4 isthe same circuit diagram with the windings drawn in pardld with the voltage phasors
across each. Many of the references have their circuits drawn in this manner. For the Modd 48E, the
run capacitor microfarad vaues are 87, 174, and 61 for capacitors C1, C2, and C3 respectively. The
voltage phase sequence is W1-W2-W3.

Figure 4.5 shows the connections in the capacitor box of the cables EC, FC, and GC to the garting
capacitor and its associated proprietary Start Circuit. Start capacitor CS3 of 75 microfarads (mfd) can
be used as shown in Figure 4.3. Alternatively, start capacitor CS1 of 100 mfd can be used as shown in
Figure 4.6. These vaues are much larger than needed for a marketed product. For norma starting,
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after an ar conditioner has been off for five minutes, the start capacitor can be one-third or lessthan the
vaueliged in Figure 4.5.

Figure 4.6 shows the same compressor asin Figure 4.3, with the starting capacitor being CS1
ingtead of CS3.

Fgure 4.7 isadrawing with dimensonsin millimeters of the four-termina FUSITE bushing that
would be used for the four-termina three-phase motor connections of the Semi-Hex™ dircuit in Figure
4.4. Single-phase compressors today use 3-termind FUSITE bushings. The bushing is resstance-
welded into thewal of the hermetic chamber.

The new complete Enabler™ compressor systems, ready to be ingtalled into air conditioners, can be
assembled by the same companies that now produce the compressors for Bristol, Carlyle, Goodman,
Rheem, Lennox, Emerson-Copeland, GE Zondline, Trane, Tecumseh, International Comfort Products
and others.

5. Conclusions

5.1 Theair conditioner compressor Model 48E with an Enabler™ had an EER of 12. Thiswas
11.7% better than the same compressor with a single- phase motor on the shaft, which had an EER of
only 10.7. Industry-wide, we can probably achieve a 10% improvement in EER by using Enabler™
controls on dl three-winding (three-phase) motors on air conditioners to be connected to a sngle-phase
source.

52 Thisar-conditioner compressor Model 48E with three- phase windings and energized directly from
athree-phase source had the efficiency of BTU/(WATT-HOUR) of 12.4 EER. Thisis representative
of the indugtry for thissze. Many air conditioner manufacturers could probably duplicate this. Smdler
units might have lower efficiency, so that the average for dl three-winding (three-phase) units sold might
have an EER near to 10. Thisistheindustry congtraint to which our designs can be adapted.

5.3 Thisimprovement is gpplicable to sSngle-phase ar conditionersin residences, motels, smdll
commerdd buildings and rurd communities with only Sngle-phase power.

5.4 Theenergy savings of aprogram to use these Enabler™-controlled air conditioners will reduce the
new electricity demand from Cdiforniaectricad suppliers, and will reduce the need for imported energy
from Canada, from Mexico, and from the near Eadt.

55 Improved power qudlity is another benefit to the power companies. The line current power-factor
of these new ar-conditioner loads is sgnificantly improved, and this increases the digtribution efficiency
of the power companies.

5.6 The run capacitors diminish the harmonic distortion, dso improving the power qudity for the
power companies.

5.7 The Enabler™-controlled motors had improved current balance, which contributed to improved
motor efficiency, which in turn reduced shaft dip, increased shaft speed, and made the compressor
deliver more BTU/Hour.
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5.8 Mog single-phase ar conditionersin resdences, motels, small commercid buildings and rurd
communities with only single-phase power should use air conditioners with three- phase motors and with
Enabler™ controls to save energy.

5.9 Thetest results of this program satisfy Gate 3 of Stage 3 of the Stages and Gates Program of the
Cdifornia Energy Commission for the Modd 48E sze, 48,000 BTU/Hour. The origind grant expected
to cover testing of many different Szes. The smdlest available size should now be tested to encompass
the commercid range.

6. Recommendations

6.1 Itisrecommended that Energy Guides be measured and required for new air conditioners, and that
higher EER and higher efficiencies be encouraged, subsidized, or mandated for Cdifornia. 8%
improvements in EER can be mandated, 10% improvements can be quickly achieved, and 12%
improvements could be subsdized. These improvements can be readily redized with minimum
modifications to the present designs of three-phase motors, and the inclusion of Enabler™ controls
with the three- phase motorsin the sngle-phase systems.

6.2 Itisrecommended that the Cdifornia Energy Commission sart discussions with the mgjor
ar-conditioner manufacturers to adopt industry Energy Guides and EER vaues for unitsto be operated
from sngle-phase power consstent with present or achievable three-winding (three-phase) motor
designs, with the god of significantly improving the EER of these units for connection to resdentid, rurd,
gmdl commercid and mote single-phase power.

6.3 It isrecommended that the Cdlifornia Energy Commission provide assistance and funding for
gpproaching the vice- presidents of marketing of large air conditioning companies, to encourage them to
market complete lines of Sngle-phase air conditioners of dl Szes, utilizing their three- phase compressor
sysemswith Enabler™ controlsin nearly dl of their single-phase systems.

6.4 Itisrecommended that each factory assembling the motor and compressor have an assembly line
quality control step (like most motor manufacturers) at which the impedances of the motor windings be
automatically measured and stored in a computer, and unba anced-impedance motors be rejected or
flagged for specid trestment.

7. Public Benefitsto California

These technicd feaghility tests confirmed the origind expectation that these units would diminish the
digtribution and generation cogts for eectricity a the peak load timesin the summer. They dso diminish
the probability of rolling blackouts. These are benefits for everyone, al power companiesand dl
customers.

The cogt benefits to the new air-conditioning cusomers are large.
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The annud dectricity usage in Cdifornia (Y ear 2000) is 274,000 Giga- Watt-Hours (GWH).

Space cooling in Cdifornia uses 12,300 GWH. The annua growth rate is 11.5%. The annud new
extraload for space cooling is 1,415 GWH. Thisload is partidly single- phase eectricity for residences,
and aso three-phase loads for large buildings. The sngle-phase portion of the total cooling isa
minimum of 40% and a maximum of 70% of the totd cooling load. A rough estimate is 50%, which
yidds an annua growth increment of 707 new GWH for single phase. The incrementd cost of
electricity is 40 cents per kwh for alarge user new load. The incrementd cost is 20 cents per kwh for a
small user. Assume an average incrementa cost of 30 cents per kwh, for the 707 GWH, or
$300,000.00 per GWH. Thisannua growth increment is anew load of over 200 million dollars for
sngle-phase space cooling in Cdifornia.

If the first year market penetration were 5% of the new single-phase systems using Enablers™ with
10% savings of the dectricity hill, the new load would be 10 million dollars and the first year savings
would be one million dollars for the new consumers.

The market penetration could increase linearly with time, 5% more each year, up to 50% in ten
years. When the market penetration is 10% in the second year, and increases 5% per year up to 50%
in the tenth year, then the cumulative consumer savings would be 55 million dollars during thefirst ten
years. Including the next ten years a 50% market, the cumulative savings would be 155 million dollars
in 20 years.

In the total USA, the nationd dectricity soace cooling costs approximeately 17.6 billion dollars. The
annud sdes of new unitary air-conditioners’heat pumpsis 7.5 million units costing 5.5 hillion dollars,
with an average cost of $733. per unit. Cdifornialoads are approximately 12% of the nationa loads.

Applying thisratio, Cdiforniaannua sdeswould be 0.9 million units costing 660 million dollars. At
amarket penetration of 5%, the new Enablers™ systems would be 45,000 units costing $33 million
dollars. Assume that the factory adds an average of $10.00 per unit for additiond profit and royaties.
This would be a $450,000. increase in the cost to the consumer. In the first year, the savings of one
million dollars is purchased by a cost of $450,000.

In ten years, the total extrainitial cost to the Cdifornia consumers would be 4.5 million dollars. The
consumers would have saved 55 million dollars. The ten-year payback is 1,100%.

Thisanaysis has not induded the $60.00 initid cost differentid savings compared to the
conventiond traditiond single-phase air-conditioner in Paragraph 4. Project Outcomes, discussion of
Table 4.12, Component Retall Prices, Modd 48E.

8. Development Stage Assessment

The Stages and Gates Process of the Cdifornia Energy Commission has the following Disciplines for the
Stage 3 Research and Bench Scale Testing :

. Marketing The market for usisthe Air Conditioner Manufacturer. The user market for
the product isdl new air-conditioner customers. The USA potential market is 7.5 million units cogting
5.5 billion dollars annudly, with a growth rate of 11.4% per year. The air-conditioning user customer
needs the higher efficiency which this product provides. The air-conditioning manufacturer is making a
good profit with existing low-efficiency units, and does not have a present need, either economic or
regulatory, to provide these new units with higher efficiency. The reaction of our targeted customer, the
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Manufacturer, is not yet known. The reaction of the resdentid air-conditioner user has been generdly,
“I wish that | had a higher efficiency unit with lower eectricity cods” The high cods of auser market
survey were not included in this Stage 3 project.

. Enginearing / Technicd The highest priority was the confirmation of technica feaghility through
physica testing, and thiswas proved. The Modd 48T had afind efficiency EER of 11.95 on single-
phase power compared to the existing single- phase unit efficiency EER of only 10.7, which isan
improvement of 11.7%, and a savings of 11.7% of the eectricity bill. The thermodynamic tests were
performed at ITS, probably the best facility in this country. The technical specifications are the same as
origindly proposed. The priceisnot considered in thisreport. The functiond requirements were for
higher efficiency, and these efficiencies have been significantly exceeded.

. Legd / Contractud All patents are held by Dr. Smith. There are no issues to be resolved.
Thereis no commercidizer agreement. See Patent References (P1) through (P7).

. Risk Assessment / Qudity Plans All components are now used by the air-conditioner
factories and dl are underwriter gpoproved. Rdiability is high.

Similar ingdlations (See References) have shown no failures, and the author does not know of secret
factory studies of their own faillures. Manufacturability is comparable to the present factory procedures.
There are no hazards except possibility of falure of the hermetically-sedled enclosure and rel ease of
refrigerant. Factories dready make the three-phase units and have dready addressed Product safety.
Environmenta risk has been addressed by EPA requirements on units with refrigerants.

. Strategic Thereis no relaionship between this project and other PIER projects.

. Production Readiness There has been no disclosure of this project results to potentia
commercidizers. These contacts should be addressed in afuture Stage 4 project.

. Public Benefits/ Costs A 5% penetration of the air-conditioner market, increasing an additiond
5% per each year, will yield the Cdifornia consumers aten-year payback of possibly between 400%
and 1000%. Thisis based on year 2000 dectricity costs, and there will be more expected savings
resulting from increases in eectricity costs after Y ear 2000 that can increase this amount. Anticipated
extra prices and corresponding additional capitd costs to the users, might be acost of haf amillion
dollarsin the ten years. The dollar benefits might be ten timesthe cost. The public receives the benefits
of reduced air pollution and more reliable power supply and qudity, compared to the “business-as-
usud” continuing saes of new low-efficiency ar conditioners.  Specific vaues for Cdifornianeed to be
obtained.

9. Future Tasks

Stage 3, Research and Bench Scale Tegting of the Stages and Gates Process of the Cdifornia Energy
Commission. Thistask will stay within the scope of the EISG Program.

This sudy will modify the M odel 48E compr essor which we have, to make it Smilar to afind design
aufficient to show to acommercidizer.

18



The compressor Modd 48E isavailadle. It is proposed that it be modified in amanner closdy
resembling how it would be marketed and sold as a component for an air conditioner. It presently has
three terminds brought out from the hermetically- seded motor through a Fusite bushing. It is proposed
that acommercid unit (marketed by a commercidizing partner) would have four dectricd termindsin a
four-conductor Fusite bushing. Thisalows for lower cost and better control.

The manufacturing modifications on the hermetic enclosure of the Model 48E compressor which Dr.
Smith has can be made a Whelan Engineering Co., 1002 77-th Avenue, Oakland, CA 94621.
Alfred Robertson, Foreman, Td. 1(510)632-8890.

Dr. Smith can make the Enabler™ controls,

Thermodynamic tests will be made at Intertek Testing Services NA Inc., 4161 Arlinggate Lane,
Columbus, Ohio 43228. Mike Shows, Engineering Manager of HVAC Tedting, Td. 1-(614)279-
8090. Douglas Lockard, Design Engineer, Tel. 1-(614)348-2715.

Detailed Steps:

9-1. Measure Postive Temperature Coefficient (PTC) thermistor resistance in ohms for plus and
minus twenty percent deviationsin voltage.

9-2. Measure Electrolytic Starting Capacitor watts |oss and capacitance (power-factor) for plus and
minus ten percent deviationsin voltage.

9-3. Ted dternative augmented- darting-torque circuits using starting capacitors, and PTC or arting
contactors.

9-4. Cut open adiscarded 48,000 BTU/Hour Scroll Technologies compressor to determine the
location of the neutrad N of the Wye of the motor winding and to obtain an additional Fusite bushing.
9-5. Attach an additional Fusite bushing in the wall of the Modd 48E compressor which has been
tested, and bring out the motor winding terminas W4, W5, and W6. Thiswork might be done at
Whelan Engineering Co., 1002 77-th Avenue, Oakland, CA 94621. Alfred Robertson, Foreman,
Td. 1(510)632-8890.

9-6. Measure the impedances of the individual windings. Correlate the unbalanced currents at locked-
rotor and at full-load with the winding impedances.

9-7. Measure the winding currents at reduced-voltage locked-rotor with designated starting
capacitance values, and with modified capacitance values to create balanced currents in the unba anced
winding structure.

9-8. Measure the minimum starting capacitance vaues sufficient to start the motor shaft rotating, usng
an augmented starting torque circuit switched with a PTC thermistor.

9-9. Design aRun Capacitor bank of C1, C2, and C3 which will compensate for the unbaanced
winding sructure and yield full-load balanced winding currents.

9-10. Assemble acomplete Enabler™ system of run capacitors and switched electrolytic starting
capacitorsin asingle box smilar to acommercid find design, for the Moded 48E compressor.

9-11. Messurethe EER of this new unit by thermodynamic tests of this complete unit a Intertek
Testing Services NA Inc., 4161 Arlinggate Lane, Columbus, Ohio 43228. Mike Shows,

Engineering Manager of HVAC Testing, Tel. 1-(614)279-8090. Douglas Lockard, Design Enginesr,
Td. 1-(614)348-2715. Winding and Line currents will be measured and unbaances caculated, and
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winding and line voltages will be measured and unbaances caculated, as well asthe ASHRAE and ARI
thermodynamics and input waetts.

9-12. Paticular attention will be given to the tested-winding current balance, and the change in EER
due to thisimproved Enabler™ dircuit.

Smallest available compressor with three-phase motor.

We need to know the EER savings for the range of szes made and used inthe USA. The smdllest
S9zeis12,000 BTU/Hour. Inthisorigina EISG grant #99-04, in the narrative details of the project, it
stated: “The sizes of importance will be 18,000 BTU/Hour, 36,000 BTU/Hour, 41,500 BTU/Hour,
and 60,000 BTU/Hour. Thisrangeisfrom 1.5tonsto 5 tons. Depending upon the grant funds, more
than one size or more than one manufacturer might be considered.”

At the completion of this present grant, we have tested two sizes, 42,000 BTU/Hour and 48,000
BTU/Hour, from only one manufacturer. To understand the market and the engineering for other sizes,
we should test the smallest unit available.

We should not extrapolate to smaler sizes based on the present test results. The smallest
commercid 3-phase unit will be cdled Modd 12T, 12,000 BTU/Hour. This smadl unit will be acquired
and tested with an Enabler™ control similar in design to the SemiHex™ Mode 48E.

Avaladleae
Tecumseh, Moddl AHA2445AXF, 1.0 HP, 1 KW, 12,000 BTU/Hour, 3-phase, 230 volts, R12
refrigerant;
Tecumseh, Model AWGS5515EXT, 1.25 HP, 1.2 KW, 15,000 BTU/Hour, 3-phase, 230 volts, R22
refrigerant;
Copeland, Model F3AM-A105-TFC-001, 1.0 HP, 1 KW, 12,000 BTU/Hour, 3-phase, 230 volts,
R22 refrigerant;
Copeland, Model F3AD-A151-TFC-001, 1.5HP, 1.5 KW, 18,000 BTU/Hour, 3-phase, 230 volts,
R22 refrigerant.

The compressor system can be made with a four-termina Fusite bushing, an Enabler™ circuit
baancing the winding currents, and with a small starting-torque augmentation using dectrolytic sarting
capacitors. The justification for additional technical changesisthat an Enabler™ circuit can be made
weighing less and cogting less, that afour-termind Fusite bushing can replace the three-termind bushing,
providing flexibility and smplifying the control circuit, and that a minimum-cost starting-torque
augmentation circuit can be studied and a minimum-cost circuit developed, and al of the above tested.

The field experiments for the above are ARI and ASHRAE standard condition tests at ITS. These
will duplicate the tests previoudy made, and would satisfy the criteria of this duplication.

Detalled Stepsfor Modd 12T

9-13. Buy agood three-phase Modd 12T, and acquire adiscarded similar model. Buy a good Model
12S, with the same compressor, but with a single- phase motor winding.
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9-14. Get factory specifications for the Modd 12T, including full-load current, power-factor,
efficiency, locked-rotor current and power-factor.

9-15. Desgn the priminary run-capacitor bank and the starting capacitor circuit.

9-16. Cut open the discarded 12,000 BTU/Hour Compressor to determine the location of the neutra
N of the Wye of the motor winding and to obtain an additional Fusite bushing.

9-17. Attach the additiona Fusite bushing in the wal of the good Modd 12T compressor which will be
tested, and bring out the motor winding terminads W4, W5, and W6. Thiswork might be done at
Whelan Engineering Co., 1002 77-th Avenue, Oakland, CA 94621. Alfred Robertson, Foreman,
Tel. 1(510)632-8890.

9-18. Mesasure the impedances of the individua windings. Corrdate the unbaanced currents at
locked-rotor and at full-load with the winding impedances.

9-19. Measure the winding currents at reduced-voltage |ocked-rotor with designated starting
capacitance vaues, and with modified capacitance vaues to create balanced currentsin the winding
gructure if unbalanced.

9-20. Measure the minimum garting capacitance vaues sufficient to start the motor shaft rotating, using
an augmented starting torque circuit switched with a PTC thermistor.

9-21. Design aRun Capacitor bank of C1, C2, and C3 which will compensate for an unbaanced
winding sructure and yield full-load balanced winding currents.

9-22. Assemble acomplete Enabler™ system of run capacitors and switched eectrolytic starting
cgpacitorsin asingle box smilar to acommercid find design.

9-23. Measurethe EER of this new unit by thermodynamic tests of this complete unit a Intertek
Testing Services NA Inc., 4161 Arlinggate Lane, Columbus, Ohio 43228. Mike Shows, Engineering
Maneger of HVAC Tedting, Tel. 1-(614)279-8090. Douglas Lockard, Design Engineer, Tdl. 1-
(614)348-2715.

9-24. Winding and Line currents will be measured and unbaances calculated, and winding and line
voltages will be measured and unba ances caculated, as well asthe ASHRAE and ARI
thermodynamics and input wetts.

9-25. Draw conclusions regarding the changes in EER improvement as a function of compressor size.

Stage 4, Technology Development and Field Experiments, and Gate 4, Product
Development I nitiation of the EISG Stages and Gates Process.

9-26. Refine etimates of annual USA and Cdifornia Electrical Cooling Loads, and the annua
growth in terms of product units, BTUS, Electricdl MWH, and Electrical costsin dollars.

9-27. Subdivide the above information into single- phase loads and three- phase loads.

9-28. Obtain OEM costs for large production runs of the compressors and the starting and run
capacitors.

Materid cogts for manufacturing Sngle- phase and three- phase motors are nearly identica.
Manufacturing costs however are today higher for the three-phase motors due to differencesin
production scale. Single-phase motor production is about twice as large as three- phase motor
production in the 1.5-HP to 5-HP range, and this economy of scale reduces the costs of single-phase
motor manufacturing by approximately 20% below the costs of three-phase motors. With sgnificant
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increases in the three-phase production, and corresponding decreases in the single-phase production,
this cost differentid will be reversed. Three-phase motors will eventualy become 20% lessin cogt, and
angle- phase motors will eventudly become 20% more expendve, with a substantid relative cost benefit
to the new three- phase motors.

9-29. Cdculate possblefinancia benefits to each of the mgor air-conditioner manufacturers.

Manufacturer 1997 Market Share % Manufacturer 1997 Market Share %
@ Carrier 21 % (e Internationd C.P. 10%
(b) Goodman 19% (f) Lennox 9%
(© Rheem 13% (9) York 8%
(d) Trane 12% (h) Nordyne 5%

9-30. Prepare apresentation to the Vice-President for Marketing of each company.

9-31. Invedtigate suitable locations for permanent ingtdlations of the two compressors which we will
have, Mode 48E and Mode 12E. These could be schools, community centers, hospitals, research

gations, or inditutional offices. These ingdlations should be open to fidd trips and classesin

gppropriate technology and consumer product efficiencies.

9-32. Anexample of auseful collaboration is the Smith and Sun successful 30 KW (40 HP)
inddlation near Twin Fdls, Idaho. Thiswas created by the cooperation of two factories, Idaho Power
Company, alocd dectrician, aconsumer, a government agency, and Dr. Smith. Within afew months,

the entire system was designed, built, tested, and demonstrated to 60 engineers and farmers. It has
been operating for severd years.

9-33. Ask the associated power company to ingtal recording monitoring equipment for amperes,

watts, watt-hours, and temperatures.

9-34. To make each system, a sngle-phase unit would be purchased minus the compressor,

and we would ingtal our own compressor with its Enabler control. A commercidizer might be
interested in cooperating by providing the entire system a cost or free.

9-35. Thetechnology transfer plan will follow from the data obtained in the actud ingdlations. 9-36.

Our marketing Strategy is to persuade acommercidizer to be interested. His marketing

system dready exists. We will cooperate, not compete.

9-37. Dr. Smith will gpproach a candidate for commercidizing after the completion of these
production prototype tests. It is optimistic to obtain a commercidizer’ s binding commitment to proceed
unless these tests are encouraging and the California Energy Commission wishes to proceed in that

direction. We wish to encourage them to market complete lines of single-phase air conditioners of dl

Szes utilizing their three- phase compressor systems with Enabler™ controlsin nearly dl of their single-
phase systems.

9-38. Regarding the CEC Appliance Efficiency Regulations for Room Air Conditioners and

Centrd Air Conditioners, the vaues on pages 25 and 29 will be studied with respect to the achievable
much higher values. These vaues of EER areintherange of 7.7 up to 9.9. All of these might be raised
by ten percent. The CEC could schedule a conference of these manufacturersto discuss the

appropriate new vaues for each gppliance for connection to resdentid, rura, smal commercia and
motd sngle-phase power with Enabler™ controls,



9-39. Itissuggested that the CEC interndly discuss incentives and credits to consumers who decide
to purchase high-efficiency air conditioners with efficiencies greeater than specified target vaues.

9-40. The method herein is gpplicable to increasing the efficiencies of freezers and refrigerators.
Researchersin these fields should be contacted to exchange information and to evauate the contribution
which Enablers™ can make to freezers and refrigerators. This method can be used for large air
conditioners and chillers with non-hermetic externd high-efficiency three- phase motors on single-phase
supplies.

9-41. Thismethod hereinis gpplicable to increasing the efficiencies of ventilation fans, furnace

fans, ar-conditioning fans, sump pumps, air compressors for tools, and irrigation pumps. Researchers
in these fields should be contacted and requested to augment their activities by using these methods.
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Glossary

ARI Air-Conditioning and Refrigeration Inditute

ASRE ASHRAE, American Society of Heating, Refrigerating and
Air-Conditioning Engineers.

BTU British Thermd Units

CS Starting Electrolytic Capacitor.

C1l Metallized Polypropylene Run Capacitor.

EER ENERGY EFFICIENCY RATIO asBTU/(WATT-HOUR)

Enabler™ See hitp://mww.home.earthlink.net/~ojmsmith
FLA Full-Load Line Amperes.
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FLPF Full-Load Power-Factor of ~ Watts/ (Volt- Amperes)

GWH GigawattHour = 102 Watt-Hours
HP Horsepower
ITS Intertek Testing Services
KW KiloWatt = 1000 waetts.
L Power-Line Termind.
LRA L ocked-Rotor Line Amperes
LRPF Locked-Rotor Power-Factor of ~ Watts/ (Volt- Amperes)
MFD Microfarads
MW MegaWetts = 1,000,000 watts.
PF Power-Factor
PQ Power Qudlity
Q Compressor output in BTU / HOUR.
RATIO Ratio of Starting Current LRA to Full-Load Current FLA.
RATIO (LRA) / (FLA).
w watts
Wn Winding termind n.
F° Phase Angle of Current with respect to Voltage.
FLF ° Phase Angle of Full-Load Current with respect to Line-to-Neutra Voltage.
LRF ° Phase Angle of Locked-Rotor Current with respect to Line-to-Neutral
Voltage.
42E Mode 42,000 BTU/HOUR with Enabler driving the Three-Phase winding.
48E Mode 48,000 BTU/HOUR with Enabler driving the Three-Phase winding.
42S Mode 42,000 BTU/HOUR with Single- Phase winding.
48S Mode 48,000 BTU/HOUR with Single- Phase winding.
42T Modd 42,000 BTU/HOUR with Three-Phase winding.
48T Model 48,000 BTU/HOUR with Three-Phase winding.
APPENDICES

APPENDI X |.Test specifications:
ARI Standard 540-1999.

Ambient 95° F, Return Gas 65° F, Compressor Suction 65° F, Liquid 115° F.
ASHRAE Standard 23-1993,

Ambient 95° F, Return Gas 95° F, Compressor Suction 65° F, Liquid 115° F.

APPENDI X I1. Web Sitefor Dr. Otto J. M. Smith:
http://mww.home.earthlink.net/~ojmsmith
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TABLE 4.1
EER SUMMARY MEASURESEFFICIENCY

MODEL DIRECT ENABLER™ FROM SINGLE-PHASE MOTOR

THREE-PHASE SINGLE-PHASE POWER ON SAME COMPRESSOR
48T 12.436
48E 11.950
48S 10.694
427 10.816
42E 11.294
42S 10.865
AVERAGE 11.626 11.622 10.779

WITH THE 48T COMPRESSOR, THE EER MODEL 48E OF 11.95 WITH THE THREE-PHASE MOTOR AND ENABLER™
1S 11.74% HIGHER THAN WITH A SINGLE-PHASE MOTOR ON THE SAME COMPRESSOR, MODEL 48S.

WITH THE SMALLER 42T COMPRESSOR, THE EER OF MODEL 42E OF 11.294 WITH THE THREE-PHASE MOTOR
AND ENABLER™ 1S 3.95% HIGHER THAN WITH A SINGLE-PHASE MOTOR ON THE SAME COMPRESSOR, MODEL 42S.

THE AVERAGE EER OF BOTH ENABLERS™ 1S 11.6, WHICH IS 7.8% MORE THAN THE AVERAGE EER OF 10.78 OF
BOTH SINGLE-PHASE UNITS
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TABLE 4.2

SYSTEM TESTS
TABLE 4.2A MODEL 48 THREE-PHASE TEST DETAILS.
TEST WATTS* INPUT Q EER
TO COMPRESSOR BTU/HOUR BTU/(WATT-HOUR)

DIRECT CONNECTIONS TO THREE-PHASE POWER, MODEL 48T:

ARI 3,870.82 47,857.09 12.363
ASHRAE-T 3,871.33 48,423.64 12.508
AVERAGE 3,871.08 48,140.37 12.436

ENABLER™ WINDING CONNECTIONS TO SINGLE-PHASE POWER, MODEL 48E:

ARI 4,074.45 48,143.78 11.816
ASHRAE-T 4,029.60 48,689.86 12.083
AVERAGE 4,052.02 48,416.82 11.950

MODEL 48 SINGLE-PHASE TEST DETAILS
DIRECT CONNECTIONS TO SINGLE-PHASE POWER, MODEL 48S:

ARI 4,333.514 46,293.93 10.6828
ASHRAE-T 4,413.900 47,249.57 10.7047
AVERAGE 4,373.707 46,771.75 10.6938

TABLE 4.2B MODEL 42T TEST DETAILS.
TEST WATTS* INPUT Q EER

TO COMPRESSOR BTU/HOUR BTU/(WATT-HOUR)

DIRECT CONNECTIONS TO THREE-PHASE POWER, MODEL 42T:

ARI 3,876.05 41,754.64 10.772
ASHRAE-T 3,858.95 41,904.81 10.861
AVERAGE 3,867.50 41,829.73 10.816

ENABLER™ WINDING CONNECTIONS TO SINGLE-PHASE POWER, MODEL 42E:

ARI 3,672.35 42,020.86 11.442
ASHRAE-T 3,767.14 42,000.38 11.149
AVERAGE  3,719.75 42,010.62 11.294

DIRECT CONNECTIONS TO SINGLE-PHASE POWER, MODEL 42S:

ARI 3,835.408. 41,304.23 10.7692
ASHRAE-T 3,824.715. 41,918.47 10.9599
AVERAGE  3,830.062 41,611.35 10.8645
d WATTS CALIBRATED TO Yokogawa WT 110, Asset E337. Control Room Wattmeter Asset E358 calibration

constant K ssg) = 0.9726 for 3-phase wattage reading of 3,720 watts, and K s = 0.9348 for 3-phase wattage reading of 4,050
watts. Note: Q is measured by the primary calorimeter method.
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TABLE 4.3
UNBALANCED CURRENTSIN WINDINGS

DIRECT CONNECTION TO THREE-PHASE POWER, THREE WINDINGS.

MODEL VOLTAGE CURRENT UNBALANCE %
AVERAGE AVE. AMPS VOLTAGE CURRENT

48T 230.04 13.41 0.397 % 7.365 %

42T 230.06 12.46 0.254 % 13.775%

ENABLER™ CONNECTION TO SINGLE-PHASE POWER, THREE WINDINGS.

MODEL VOLTAGE CURRENT  UNBALANCE % . UNBALANCE REDUCED
AVERAGE AVE AMPS VOLTAGE CURRENT BY ENABLER, TOFACTOR

48E 232.462 13.428 0.995 % 1.050 % 0.143
42E 232.717 12.024 1.758 % 3.216 % 0.234

Note: The large current unbalance on Model 42T with alow voltage unbalance might be due to a construction winding error.

TABLE 44
FULL-LOAD THREE-PHASE MEASUREMENTS
DIRECT TESTS TO BE COMPARED TO FACTORY SPECIFICATIONS

MODEL Q CURRENT WATTS %POWER- LAGANGLEF, EER
BTU/HOUR AMPERES FACTOR DEGREES
48T  48,140.37 13.409 3,871.08 72.45 43.571° 12.44
42T  41,829.72 12.456 3,867.50 77.92 38.809° 10.82
TABLE 4.5

FULL-LOAD THREE-PHASE FACTORY OLD PREVIOUS EXPECTED VALUES

MODEL Q CURRENT WATTS POWER-FACTOR LAGANGLEF,
BTU/HOUR AMPERES % DEGREES
48T 46,770 13.6 4,070 75.1 41.32°
42T 41,233 116 3,812. 82.5 34.42°
TABLE 4.6

FULL-LOAD ENABLER™ WINDING MEASUREMENTS

MODEL Q WINDING WATTS VOLTS %POWER- LAGANGLEF,

BTUHOUR AMPS AVE. AVE. FACTOR DEGREES EER
48E  48,416.82 13428  4,052.02 23246  74.947 41.456° 11.95
42E  42,010.62 12.024  3,719.75 232.72  76.749 39.871° 11.29
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TABLE 4.7
FULL-LOAD ENABLER™ SINGLE-PHASE INPUT MEASUREMENTS

MODEL Q LINE WATTS VOLTS POWER-FACTOR LEAD ANGLEF,
BTUHOUR AMPERES LINE % LEADING DEGREES
48E  48,416.82 19390 4,052.0 230.15 90.799 24.771°
42E  42,010.62 18266  3,719.7 230.71 88.267 28.034°
TABLE 4.8

FULL-LOAD ENABLER™ BALANCED WINDING VALUES FOR 230 VOLTS.

MODEL Q WINDING WATTS VOLTS POWER-FACTOR LAGANGLEF,

BTUHOUR AMPS AVE. % DEGREES
48E  48,416.82 13.538  4,053.77  230.0 75.165 41.266°
42E  42,010.62 12133  3,721.57 230.0 76.995 39.646°

TABLE 4.9

CAPACITOR MFD VALUES FOR SEMI-HEX™ ENABLER™
4-TERMINAL CONNECTION TO 230.0 VOLTS

MODEL MFD WINDING LINE LINE % LEADING
cL c2 cC3 AMPERES AMPERES POWER-FACTOR

48E 86.8 173.7 61.0 13.538 18.29 96.36
42E 84.3 168.6 46.9 12.133 17.02 95.07

For factory construction, from Table 4.9, round off the capacitor values to the nearest conveniently available standard
size. Smaller than design values will make the winding current balance occur at dightly less than full load, which is acceptable.

TABLE 4.10
FULL-LOAD COMPRESSOR OUTPUTS

MODEL Q IMPROVEMENT IN Q
BTU/HOUR DUETO
THREE-PHASE INPUT ENABLER™ INPUT ENABLER™ INPUT
48T, 48E 48,140.37 48,416.82 0.574 %

42T, 42E 41,829.73 42,010.62 0.433 %
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TABLE4.11
COMPRESSOR COMPARISONS

MODEL Q, BTU/HOUR

48T 48,140.37

48E 48,416.82

48A = AVERAGE (48T 48E) 48,278.6 48,278.6

48S 46,771.75 46,771.75

RATIO (48548A) 0.9688

ASSUMED SPEED RATIO 0.9843
TABLE 4.12

COMPONENT RETAIL PRICES, MODEL 48E:

COMPRESSOR CARLYLE SRY482AC, $300.00
BTU/HOUR =48,420
KwW = 4.05
EER = 1195

ENABLER™ RUN CAPACITOR RETAIL COSTS

C1 $29.
C2 67.
C3 _ 2
TOTAL 120.

START COMPONENTS AND CS3 CAPACITOR,
$ 8

SAVINGS IN LARGE PRODUCTION RUN OF COMPRESSOR,
20% OF $300. = $60. EACH.

SAVINGSIN LARGE PURCHASES OF CAPACITORS,
50% OF $128. = $ 64.

EXPECTED NEW RETAIL PRICE OF COMPRESSOR,  $ 240.

ENABLER™ NEW RETAIL PRICE 64.

NEW ENABLER™ 48E SYSTEM RETAIL PRICE, $304.

NOTE: CAPACITOR COSTSCAN ALSO POSSBLY BE REDUCED
BY CORNELL-DUBLIER PACKAGING IN A SINGLE CAN.

CONVENTIONAL SINGLE-PHASE SYSTEM PRICES
COMPRESSOR $269.00
RUN CAPACITOR 2371
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SEMI-HEX™ ENABLER™ WINDING CONNECTION

FOR THREE-WINDING MOTOR

Reversing Link RL connections are shown for Voltage Phase Sequence W3-W2-W1.

For Voltage Phase Sequence of W1-W2-Wa3:
Connect Reversing Link RLA between W1 and L2.
Connect Reversing Link RLB between W2 and L1.

©O0tto J. M. Smith
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FIGURE 4.2

PROPRIETARY CIRCUIT FOR AUGMENTED STARTING TORQUE

©O0tto J. M. Smith, 21 November, 2001.
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